A B S T R A C T
Membrane systems are commonly used in the water industry to produce potable water and for advanced wastewater treatment. One of the major drawbacks of membrane systems is biofilm formation (biofouling), which results in an unacceptable decline in membrane performance. Three novel in situ biofouling characterization techniques were assessed: (i) optical coherence tomography (OCT), (ii) planar optodes, and (iii) nuclear magnetic resonance (NMR). The first two techniques were assessed using a biofilm grown on the surface of nanofiltration (NF) membranes using a transparent membrane fouling simulator that accurately simulates spiral wound modules, modified for in situ biofilm imaging. For the NMR study, a spiral wound reverse osmosis membrane module was used. Results show that these techniques can provide information to reconstruct the biofilm accurately, either with 2-D (OCT, planar optodes and NMR), or 3-D (OCT and NMR) scans. These non-destructive tools can elucidate the interaction of hydrodynamics and mass transport on biofilm accumulation in membrane systems. Oxygen distribution in the biofilm can be mapped and linked to water flow and substrate characteristics; insights on the effect of crossflow velocity, flow stagnation, and feed spacer presence can be obtained, and in situ information on biofilm structure, thickness, and spatial distribution can be quantitatively assessed. The combination of these novel non-destructive in situ biofilm characterization techniques can provide realtime observation of biofilm formation at the mesoscale. The information obtained with these tools could potentially be used for further improvement in the design of membrane systems and operational parameters to reduce impact of biofouling on membrane performance.
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Introduction
Membrane systems for fresh water production have seen a rapid increase in number of plants and plant size in recent years fueled by growing fresh water demands by increasing human population, industrial and agricultural activity, economic growth and urbanization [1] . Whenever micro-organisms are present in a membrane system, biofilm formation (i.e. bacterial deposition and growth) takes place due to the availability of biodegradable nutrients in a continuous flow of water through the system [2] . Biofouling refers to biofilms that affect membrane systems causing operational problems such as an unacceptable pressure drop increase, permeate flux reduction, or salt passage increase [3] .
Most of the commonly applied methods to analyze materials accumulated on membrane and spacer surfaces are destructive, including both the removal of the membrane from the system and the subsequent removal of the accumulated material from the membrane surface for analysis for composition and amount. Biofouling in membrane-based water treatment systems is usually detected using measurements such as pressure drop increase along the feed channel or reduction in permeate flux; biofouling diagnosis is done by membrane autopsy involving destructive opening and inspection of the membrane module. This approach has limitations as the disruptions can cause the biofilm sample to be damaged, contaminated, and even result in structural changes. Another important disadvantage of ex-situ and destructive methods to analyze a biofilm is the variability of small-scale samples when compared to the behavior of the biofilm over time [4] .
The growth dynamics and complex structural heterogeneity of biofilms has been studied in detail, especially through the application of various microscopic techniques [5] . 1-D and 2-D microscopic characterization are in most cases inadequate to assess the actual spatial distribution and dynamics of a biofilm. The problem with 3-D analysis at a microscopic scale is that biofilm structures are not relevant in a complex hydrodynamic system like a feed spacer based membrane system. A comprehensive 3-D mesoscale (millimeter-centimeter scale) analysis of a biofilm is necessary for a detailed spatial analysis, while a fundamental continuous non-destructive monitoring of the biofilm processes over time is required to fully assess the biofilm dynamics.
Non-destructive in situ biofilm characterization techniques are gaining attention due to the qualitative and quantitative information that can be obtained from biofilms formed in membrane systems under operating conditions. Three non-destructive in situ imaging methods were assessed in this study: (i) optical coherence tomography (OCT), (ii) oxygen imaging with planar optodes, and (iii) nuclear magnetic resonance (NMR).
OCT is a novel technique to characterize biofouling in water treatment applications. OCT offers possibilities to investigate biofilms without addition of stains or signal enhancers that may affect the biofilm. OCT is a contact-free and non-invasive optical method capable of capturing micrometer-resolution biofilm images from within optical scattering media [6] . OCTrelated techniques enable detailed visualization of biofilm structures, as well as determining the impact of hydrodynamics on biofilm formation and behavior in a membrane module [7] . Several studies have shown that OCT can be used to characterize the mesoscale biofilm structure, filling the gap between micro and macroscale [8] [9] [10] [11] [12] [13] [14] [15] .
The introduction of planar optodes for mapping 2-D oxygen (O 2 ) concentrations in natural systems [16] was a significant step forward to study the heterogeneity of O 2 distribution and dynamics in sediments and biofilms [17] [18] [19] . Planar optodes use luminescent O 2 indicators immobilized in an O 2 permeable polymeric matrix, which can be coated on foils or glass surfaces. The principle is based on measuring the dynamic collisional quenching of the indicator luminescence by O 2 [20] . A further application of this technology is the use of a planar optode in conjunction with a camera recording luminescence intensities to yield 2-D O 2 distributions at the sediment-water interface [16, 19, [21] [22] [23] . Conventional digital cameras with simple normalized luminescence intensity imaging can yield images of 2-D O 2 distributions with a high signal-to-noise ratio and spatial resolution [24] . These are comparable or even surpass those obtained with expensive and sophisticated luminescence lifetime imaging systems [23, 25] .
To investigate the mesoscale biofilm structure, NMR has been used to show the biofilm structure in the millimeter range while allowing for simultaneous imaging of large sample volumes of up to several mm 3 [26] [27] [28] [29] [30] . This non-destructive in situ characterization technique was successfully applied for non-invasive online monitoring of biofilm development, sloughing, forced detachment, and chemical cleaning. NMR allows visualization and quantification of the development of biofilms and interaction with the surrounding fluid at the mesoscale [31] . Earth's field (EF) NMR uses comparably weaker magnetic field gradients than high-field NMR systems, minimizing the signal loss due to diffusion. EF NMR offers an interesting option due to its portability, low cost, and the comparative homogeneity of the detection field [32] .
The objective of this study is to assess and determine the merits of these three non-destructive in situ characterization techniques for the study of biofilm development on membrane surfaces under similar operating conditions (e.g. hydrodynamic and nutrient concentration conditions). Complementary structural distribution and behavioral information of the biofilm can be obtained combining these methods.
Material and methods

Monitor and membranes
A transparent flat sheet membrane fouling simulator (MFS) for in situ biofilm measurements was used for this study. Details of the monitor system can be found elsewhere [33] [34] [35] . A nanofiltration (NF) membrane (4040-TS80-TSF, Trisep Corporation, USA) was used for the OCT and planar optodes studies. For the NMR study, a spiral wound reverse osmosis (RO) membrane module (Dow FILMTEC ™ XLE-2521, USA) was used.
Biofouling was promoted by feeding the units a nutrient solution containing sodium acetate, sodium nitrate, and sodium dihydrogen orthophosphate in the mass ratio for C:N:P of 100:20:10, increasing the feed water carbon concentration by 1 mg L −1 . Nutrients were dosed to the feed water to accelerate biofilm accumulation. Table 1 shows the experimental conditions under which the biofilm was grown in the different membrane cells used for each characterization technique. The monitors were operated at a linear flow velocity of 0.16 m s −1 (16 L h −1 ), representative for linear velocities as applied in spiral wound membrane systems in practice [36] . The thickness of a feed spacer is reported in mil (1 mil = 25.4 μm; 31 mil equals 787 μm).
Optical coherence tomography (OCT)
A spectral domain optical coherence tomograph (Thorlabs Ganymede OCT System) was used. The OCT was fitted with a 5× telecentric scan lens. 2-D and 3-D scans were taken using the instrument software (ThorImage 4.2.4). The imaged area was 3.83 mm × 1.69 mm, at a resolution of 1,026 × 626 pixels (2-D), and 6 mm × 6 mm × 1.08 mm (total final volume in 3-D), at a resolution of 545 × 545 × 401 pixels corresponding to a voxel size of 11 μm × 11 μm × 2.7 μm.
Planar optodes
The planar optode used in this study was based on the dye PtTPTBPF (platinum(II) meso-tetra (4-fluorophenyl) tetrabenzoporphyrins excitation 595 nm, emission 775 nm) immobilized in a polystyrene matrix (4% w/w PE/chloroform) [37] . Oxygen imaging was done with an Apogee Imaging Systems Ascent A285 CCD camera equipped with a monochrome Sony ICX-285 Interline CCD Sensor (1,392 × 1,040 pixels). The oxygen sensing dye was excited by amber light emitting diodes (LEDs lumiled type, 595 nm) placed around the camera lens.
Nuclear magnetic resonance (NMR)
A Magritek Terranova-MRI Earth's field (EF NMR) system was used with a 7.6 cm inner diameter horizontal bore (and 84 mm 1H radiofrequency (RF) solenoid coil) operating at effectively 0.05 mT with an 18.8 mT prepolarizing field and maximum gradient strengths in the x, y, and z directions of 85 μT m −1 . A spiral wound RO membrane module was placed in the bore. 
Results and discussion
Three in situ characterization techniques were used to analyze biofilm formation under practical operating hydrodynamic conditions and biodegradable nutrient concentration dosed to the feed water. Each technique has its own merits. 2-D and 3-D biofilm reconstructions were completed using OCT scans, biomass spatial distribution was obtained through the analysis of oxygen distribution measured with planar optodes, and signal moment determination using an Earth's magnetic field NMR provided information on biofilm formation. Fig. 1 shows an example of a 2-D image obtained from OCT scans which were analyzed based on a tomography scan processing method used in previous publications [11, 12, 38] and further processed using edge recognition scripts based on image processing and analysis in Java (ImageJ/FIJI open source software). Void areas can be identified through the biofilm, as well as a change in the density of the biomass depending on the localization in the scan section. Moreover, a variation in the refractive index of the biofilm may suggest a modification in the internal structure of the biofilm. These 2-D images can subsequently be used to evaluate biofilm structural properties such as surface coverage, average thickness, and internal biofilm structures, e.g. porosities.
OCT 2-D reconstruction
OCT 3-D reconstruction
For a membrane system with feed spacer, a 3-D reconstruction is necessary to assess the biomass distribution over the membrane surface and between the feed spacer filaments. Measured 3-D OCT scans were rendered to filter noise, resulting in a 3-D reconstruction of biomass distribution. Fig. 2 shows an example of the 3-D reconstruction of the grown biofilm in the flow cell containing a feed spacer and membrane. Biofilm started to accumulate mainly on the feed spacer. The biofilm distribution can be observed and quantified based on its spatial location (i.e. membrane, spacer). From this type of analysis, information on the amount of biomass can be quantified spatially resolved. This non-invasive approach enables time-series analysis, providing information on how operational parameters (e.g. water flux through the membrane, hydraulic retention time, biological activity) affect the biofilm formation, structure, and adaptation. These insights in biofouling evolution will eventually allow optimization of membrane system performance.
OCT can provide information on how feed water biodegradable nutrient concentration and salt concentration may affect internal biofilm regions (i.e. concentration polarization) [8] . In addition, 3-D simulations can benefit from the structural properties obtained by OCT and related to different hydrodynamic conditions (i.e. varying crossflow velocity, spacer channel thickness, feed spacer geometry).
Biomass spatial distribution based on O 2 distribution
The optode technique can measure spatial oxygen distribution, oxygen dynamics in time as well as oxygen consumption rates thereby giving insights in the spatial distribution of microbial activity. Application of transparent planar optodes allows alignment of O 2 distribution at the optode surface with other imaged structures like biomass. A simple camera system can be used at the same time to directly image biomass in a flow cell and image O 2 distribution using sensing optodes. Fig. 1 . OCT 2-D image of a grown biofilm on a membrane surface without feed spacer in an area of a 3.83 mm × 0.85 mm. The membrane is shown at the bottom of the figure. The biofilm had a heterogeneous structure containing voids. Fig. 3 shows an example of the spatial distribution of oxygen concentration (mg L −1 ) in a flow cell containing a sheet of membrane and feed spacer at two points in time. Day 0 represents the start of the experiment where no biofilm growth occurred yet. As such, the day 0 image clearly shows a very uniform oxygen distribution throughout the imaged area. On day 5 patches of lower oxygen concentration can be identified, signaling biofilm development.
The non-invasive O 2 measurement technique can show the spatial development of O 2 consumption rates, flow channels and stagnant areas [24] . This information can be used for studies on concentration polarization, i.e. salt accumulation at the membrane surface resulting in increased salt passage and reduced water flux. The new optode-based O 2 imaging technique applied to MFS allows non-destructive and spatially resolved quantitative biological activity measurements for on-site biofouling diagnosis and laboratory studies.
NMR signal moment determination to detect fouling
The NMR imaging technique allows the quantification of spatial biofilm distribution in spiral wound membrane modules, as well as determining velocity fields and their evolution as biofouling develops. EF NMR produces coarser resolution images compared to a high-field NMR. This is mainly due to the much lower total NMR signal (S). Nevertheless, via an analysis of the complex signal in the vicinity of the center of k-space (reciprocal image space), the first three moments of the signal spatial distribution can be obtained. These moments, ‹x›, σ 2 , and γ 3 (mean, variance and skew) are determined by the imposed magnetic field gradient via measurement of the signal phase and magnitude (|S(k)/S max |) [32] .
The progression of the biofilm formation in a spiral wound RO module was followed with the EF NMR. Fig. 4 demonstrates that the technique is more sensitive and can identify biofilm formation at an earlier stage compared to feed channel pressure drop measurements typically used.
The non-invasive unit can be used in real-time during plant operation. EF NMR can further be coupled with NMR microscopy techniques [29] to fully characterize the evolution of biofouling in terms of the spatial distribution, velocity field, and flow displacement. Combined with OCT and optode-based O 2 imaging techniques, these non-invasive tools can give detailed insights into the behavior and response of biofouling formation under operating conditions. This knowledge is relevant for the design of low fouling spiral wound membrane modules, changes in feed spacer geometry, and operational parameters in NF/ RO systems to reduce the impact of biofouling on membrane performance.
Conclusions
There is a substantial need for novel measurement techniques that enable non-destructive, real-time, and spatially resolved observation of biofilm formation and structures in membrane systems. OCT can be beneficial to improve the understanding of structure/function relationships as the tool enables detailed visualization at the mesoscale. However, for comprehensive and fundamental understanding of biofilm development, combination of different methods describing the biofilm structure is required. The merits of the techniques assessed in this study include: (i) a non-invasive quantitative measurement of membrane biofouling, (ii) study the effect of hydrodynamics on biofouling development, (iii) determination of oxygen conditions in biofilms which exhibit dynamic changes in response to flow and substrate conditions, (iv) determine the effect of crossflow velocity, flow stagnation, stop-start intervals of crossflow, and feed spacer presence, and (v) obtaining in situ information on biofilm structure, thickness, spatial distribution, and how this may impact membrane system performance. This nondestructive in situ information under representative ) through the signal intensity (S) and magnitude (|S(k)/S max |) in k-space is shown (adapted from Fridjonsson et al. [32] ). NMR detection of biofouling is at an earlier stage than the pressure drop increase.
conditions for practice will lead to a more detailed and better understanding of the development and evolution of biofouling in NF/RO systems, which can result in improved biofouling control and mitigation, thereby improving the overall performance of these water treatment processes.
